Genetic differentiation between the largely sympatric molecular forms M and S of Anopheles gambiae appears mostly limited to division 6 and part of division 5 of the X chromosome. This region is adjacent to the centromere and includes the rDNA that was used to define these forms. This localized differentiation between populations that experience gene flow strongly suggests that this region contains genes responsible for reproductive isolation. Regions adjacent to centromeres are known to experience less recombination in several species and it has recently been suggested that low recombination rates can facilitate the accumulation and maintenance of isolation genes in partially isolated populations. Therefore, we measured the recombination rate in division 5D/6 directly and estimate that it is at least 16-fold reduced across this region compared to the remainder of the X chromosome. Additionally, sequence data from four loci from field-collected mosquitoes from several West African countries show very strong differentiation between the molecular forms in division 5D/6, whereas none was observed in two loci elsewhere on the X chromosome. Furthermore, genetic variation was substantially lower in division 5D/6 compared to the two reference loci, and the inferred genealogies of the division 5D/6 genes show patterns consistent with selective sweeps. This suggests that the reduced recombination rate has increased the effect of selection on this region and that our data are consistent with the hypothesis that reduced recombination rates can play a role in the accumulation of isolation genes in the face of gene flow.
R
ECENT studies of genetic differentiation between closely related species have lead to the realization that incipient reproductive isolation is often a property of small genomic regions, rather than of entire genomes (e.g., Harrison 1990; Wu 2001) . Support for this view comes from observations that selection can prevent gene flow of regions containing isolation genes between populations, while other regions are exchanged freely. For example, Machado et al. (2002) have shown that there is a good correspondence between the location of isolation genes and the level of genetic differentiation between Drosophila pseudoobscura and its close relatives. Similarly, Rieseberg et al. (1999) and Noor et al. (2001a) have shown a lack of gene flow for inversions containing isolation genes, but not for regions lacking such genes. Therefore, genomic regions characterized by strong genetic differentiation between incompletely isolated taxa that undergo gene flow are expected to contain isolation genes.
Differentiation between members of the Anopheles gambiae complex, which contains two of the most important vectors of malaria, appears to fit the notion of mosaic genomes. Levels of differentiation between An. gambiae and An. arabiensis vary between different chromosomal regions (Besansky et al. 2003) , and different areas of the genome vary in their ability to introgress between the two species (della Slotman et al. 2005) . In addition, several forms of An. gambiae s.s. have been defined, and differentiation between these forms appears to be limited to a few areas of the genome (Favia et al. 1997; Lanzaro et al. 1998; Gentile et al. 2001; Mukabayire et al. 2001; Wang et al. 2001; Stump et al. 2005a,b; Turner et al. 2005 ).
An. gambiae s.s. was subdivided into several distinct forms on the basis of the observation in West Africa that inversion karyotypes on the right arm of the second chromosome (2R) deviate strongly from HardyWeinberg equilibrium; i.e., a large excess of homozygotes is present (data summarized by Touré et al. 1998) . On the basis of these observations several chromosomal forms of uncertain taxonomic status were proposed: Savanna, Mopti, Bamako, Forest, and Bissau (Coluzzi et al. 1985) . Karyotypes that could be indicative of 1 hybrids between forms have been observed, although it is possible that some inversion karyotypes float in the ''wrong'' form at low frequency della Torre et al. 2002) .
Attempts to identify fixed nucleotide differences between the chromosomal forms in Mali led to the definition of the molecular forms M and S, which are based on two intergenic spacer types of the X-linked rDNA (Favia et al. 1997) . In Mali and Burkina Faso, the M form corresponds to the Mopti chromosomal form, whereas the S molecular form corresponds to both the Bamako and the Savanna chromosomal form. Outside of Mali and Burkina Faso, however, the close correspondence between chromosomal form and molecular forms breaks down (della Torre et al. 2001) , and the Savanna chromosome type can carry the M rDNA type. Additionally, both the M and S type rDNA are present in the Forest chromosomal form, and this form can no longer be considered a single taxonomic unit (Wondji et al. 2002) . Other attempts to identify fixed differences between the M and S molecular forms elsewhere in the genome have failed (Gentile et al. 2001; Mukabayire et al. 2001) .
Initially, two studies using one and two microsatellite loci close to the rDNA suggested that genetic differentiation between M and S forms extends to division 6, a region adjacent to the rDNA Lehmann et al. 2003) . These observations instigated several recent studies that investigated this region in more detail. Stump et al. (2005a) showed that eight of nine microsatellite loci in part of division 5 and division 6, close to the centromere and the rDNA locus, are significantly differentiated, whereas other X-linked microsatellite loci are not. Barnes et al. (2005) have also recently shown significant differentiation in this region using SINE insertion polymorphisms. Finally, Stump et al. (2005b) very recently presented sequence data showing that differentiation between the M and S forms on the X chromosome is limited to divisions 5 and 6. A more extensive recent study using whole-genome DNA microarrays identified division 6 as the main of two or three small genomic areas containing fixed differences between homokaryotypic M and the S in several villages in Cameroon (Turner et al. 2005) . In short, these data are consistent with severely restricted gene flow in division 6 and part of division 5, whereas gene flow is extensive elsewhere in the genome, providing evidence that isolation genes are located in this region. On the basis of these studies, it now appears that the molecular forms M and S define the reproductive units within An. gambiae, whereas there is little evidence for the relevance of the 2R karyotypes with respect to reproductive isolation.
Hybrids between the M and S molecular forms are rare (della Torre et al. 2001; Taylor et al. 2001) , and very strong assortative mating has been observed between the molecular forms (Tripet et al. 2001) . This indicates that premating isolation exists between the forms in nature, even though no reproductive isolation is apparent in laboratory crosses (Di Deco et al. 1980) . Nonetheless, this premating isolation is incomplete and the number of observed M/S hybrids indicates that gene flow between the two molecular forms is high enough to prevent the accumulation of genetic differences by drift Tripet et al. 2001) . This raises the question of how reproductive isolation between these forms was established and maintained in the face of gene flow.
Recently proposed formulations of chromosomal speciation offer novel explanations for the evolution of reproductive isolation between populations undergoing gene flow. These hypotheses are similar and propose that the reduced recombination rate associated with inversions plays a crucial role in the evolution of reproductive isolation by linking loci that prevent gene flow between the populations in both directions (Coluzzi 1982; Noor et al. 2001b; Rieseberg 2001; Navarro and Barton 2003; Butlin 2005) . That low recombination rates have played a role in the isolation of the M and S molecular forms of An. gambiae was recently also argued by Stump et al. (2005b) , who concluded that loci in the centromeric region of the X chromosome show the reduced nucleotide polymorphism expected in regions with lowered recombination rates.
Reduced recombination rates around the centromere have been observed in several species ( Jones 1987) , although exceptions, such as D. mauritiana, are known (True et al. 1996) . Therefore, we measured the recombination rate across division 5D/6 directly and compared it to the rate across much of the rest of the X chromosome. We show that the recombination rate across division 5D/6 is much reduced. We also present sequence data for four introns in division 5D/6 from several countries in West and Central Africa in the M and S forms. These data indicate genetic differentiation between the M and S form in a wide geographic area, with much of the genetic variation within forms being shared across large distances. A comparison with sequence data from two other X-linked loci also suggests that the low recombination rate has affected the pattern of genetic variation in the loci located in division 5D/6, possibly by increasing the effects of selection. These results are consistent with hypotheses that reduced recombination rates could have played a facilitating role in the evolution of reproductive isolation between these sympatric taxa.
MATERIALS AND METHODS

Strains and crosses:
The S form strain Kisumu (S) was collected from Kisumu in Kenya in 1969. An M form strain (M) was collected from the village of N'Gabacoro-Droit in Mali in 2003 and was started from a single gravid female. Larvae were reared in distilled water at 27°and were fed on pulverized fish food. Adult mosquitoes were kept in 1-gal cardboard containers at 27°and 70% relative humidity and fed a 5% sugar solution. Female mosquitoes were blood fed once on hamsters before oviposition.
S females were mated with M males (SM), as well as the reciprocal (MS). SM F 1 females were backcrossed to S males, resulting in SMS backcross progeny. MS F 1 females were backcrossed to M males, resulting in MSM backcross progeny. The backcross progeny were genotyped for rDNA type and microsatellite loci. The microsatellite loci were previously tested on 16 females from the S and M strains, and none of the loci used in this study shared alleles between strains.
Mosquito collections: Female mosquitoes were collected from four villages in Mali, six villages in Cameroon, one site on the island of Bioko (Equatorial Guinea), as well as from a site on the island of Sao Tomé (Figure 1 ). In Bioko, adult female mosquitoes were collected using aspirators and human landing catches. In the remainder of the collection sites, resting female adults were collected indoors using aspirators. All collections were performed in 2002 and 2003. Karyotype analysis: Abdomens of half-gravid females from all locations except Bioko were preserved in Carnoy's fixative. The remainder of each carcass was preserved in alcohol for DNA extraction. Ovaries were prepared for chromosome analysis following della Torre (1997) and karyotypes were scored using a phase-contrast microscope according to Coluzzi et al. (1979) . Karyotyped individuals were assigned to chromosomal form following Touré et al. (1998) . The vast majority of the samples from Mali were assigned to the Mopti, Savanna, or Bamako chromosomal form. Karyotypes were not available for specimens from Bioko and Sao Tomé. The specimens from Cameroon were classified as the Forest chromosomal form. This form is characterized by the standard arrangement on the second chromosome and can belong to both the M and the S molecular form. Additionally, the karyotype of two S-form specimens from Malantouen, Cameroon, could be indicative of either the Savanna or the Forest chromosomal form.
Molecular analysis: DNA was extracted using a standard extraction protocol (Post et al. 1993) . A whole-genome amplification was performed on several of the field-collected samples using the GenomePhi DNA amplification kit (Amersham Bioscience, Piscataway, NJ). Species and molecular-form PCR diagnostics were performed following Fanello et al. (2002) . Two of the microsatellites (AGXH77 and AGXH678) used in our study were taken from Zheng et al. (1996) and one novel microsatellite marker (680) was developed on the basis of the An. gambiae genome sequence (Holt et al. 2002) . Primer sequences for locus 680 are presented in supplemental Table 5 (Holt et al. 2002) . The X chromosome of An. gambiae is acrocentric and the centromere is located near the rDNA. Italics indicate the borders of chromosomal division. Note that borders of subdivisions are not indicated and that locus 680 is located on the border of divisions 5 and 6. Furthermore, all An. gambiae are fixed for an inversion on this chromosome with respect to other species in the An. gambiae complex, inverting divisions 1-4.
Biosystems, Foster City, CA). The gels were analyzed using Genescan analysis software (Applied Biosystems) and Gentoyper DNA fragment analysis software (Applied Biosystems).
Four putative genes, here named D52, D59, D61, and D64, located close to the rDNA locus were taken from the An. gambiae genome sequence for further study (Holt et al. 2002) . These genes were selected on the basis of the presence of an intron of 350-550 bp in length. For comparison, two introns of putative genes located in divisions 2 and 3, here named D31 and D27, respectively, were also included in the study ( Figure  2 ). Primers annealing to flanking exons were designed using Primer Express version 2.0.0 (Applied Biosystems) and are presented in supplemental Table 5 at http:/ /www.genetics. org/supplemental/. The collection site and molecular form of the specimens for which these six introns were amplified are presented in Table 1. PCR products were purified using the Qiaquick PCR purification kit (QIAGEN, Chatsworth, CA). PCR products were subsequently ligated into the pCR 2.1 Topo vector (Invitrogen, San Diego). Following transformation into competent cells, colonies with plasmids carrying inserts were selected for incubation. Minipreps were performed using Qiaprep spin (QIAGEN). The presence of inserts was confirmed using PCR. Sequencing reactions were performed on the purified plasmids, and sequencing reactions were run on an ABI 3100 Genetic Analyzer (Applied Biosystems). For D64, D59, D27, and D31, a single insert from each mosquito was sequenced. For D52 and D61, multiple clones were sequenced for a few individuals and two alleles were obtained for four S-form specimens for D61 and for two S-and one M-form specimen for D59.
PCR error: PCR products were cloned before sequencing because of the presence of indels and polymorphisms. This procedure led to the incorporation of some PCR error. Three different clones were sequenced for five individuals for genes D61 and D52, and, assuming that individuals for which three different sequences were obtained are heterozygous, we observed five errors in 5376 bp of sequence. This translates into an error rate of 0.00093 substitutions/bp. This is somewhat higher than the PCR rate estimated by comparing sequences obtained directly from PCR products vs. clones (0.00061 substitutions/bp) (Kobayashi et al. 1999 ) and almost identical to the PCR error rate (0.0011/bp) estimated by Simard et al. (2007) . If it is instead assumed that sequences that varied by a single base pair are from homozygous individuals, the error rate is 0.00107 substitution/bp, which is very similar to our previous estimate. Taking 0.00093 as our minimum estimated error rate, we expect the following number of erroneous substitutions in our total data sets: 10.7 (D31), 11.0 (D27), 16.8 (D59), 17.3 (D52), 23.1 (D61), and 11.9 (D64). However, these are expected to be present almost exclusively as singletons and therefore do not greatly influence most statistics used to analyze our data. However, data sets were also corrected for PCR error and most analyses were performed using both the corrected and the uncorrected data sets. Corrected data sets were constructed by randomly replacing a number of singletons in the data set equal to the number of expected PCR errors.
Analysis: Sequences were aligned using the clustal W method (MegAlign, DNASTAR) and adjustments in the alignment were made on the basis of manual inspection. All exon portions of the sequences were removed prior to analyses to avoid biasing comparisons of nucleotide diversity. The amplified portion of D52 consists of two introns, interrupted by a 74-bp stretch of putative exon sequence. This exon was also removed from the analyses. The number of base pairs included in the analyses was as follows for each gene: D31, 425 bp; D27, 409 bp; D59, 411 bp; D52, 372 bp; D61, 436 bp; and D64, 306 bp.
Genealogical relationships between sequences were reconstructed on the basis of an uncorrected data set using the TCS version 1.18.mac software package (Clement et al. 2000) . This program implements the statistical parsimony method developed by Templetonet al. (1992) and is particularly appropriate for population data. In contrast to traditional phylogenetic reconstruction methods, no assumptions are made about the absence of the ancestral sequence or recombination. The program also identifies the most probable ancestral sequence among the samples on the basis of coalescent theory (Donnelly and Tavaré 1986; Castelloe and Templeton 1994) . All networks were reconstructed using the 95% parsimony criterion and gaps were treated as single substitutions. Population pairwise F ST values were calculated using Arlequin version 2 (Schneider et al. 1997 ) using both the corrected and the uncorrected data set. Each pairwise F ST was tested for whether the observed value was significantly different from zero using 10,000 permutations. Gaps in the alignment were excluded from the analysis.
The average number of substitutions per site (p) was calculated using DnaSP version 4.0 (Rozas et al. 2003) , following Nei (1987) . To avoid biasing our estimate of genetic variation, only one randomly selected allele was included in the analysis for the few individuals where multiple clones were obtained. Using DnaSP, empirical distributions of the nucleotide diversity (p) were obtained on the basis of 10,000 coalescent simulations based on the expected heterozygosity (u) of loci D27 and D31. On the basis of these distributions, P-values of the observed p for loci in division 5D/6 were obtained to evaluate if these were significantly different from those expected for genes D27 and D31.
Using polymorphism and divergence values provided by DnaSP, Hudson-Kreitman-Aguadé tests were performed using the program MLHKA (Wright and Charlesworth 2004) . The HKA test compared the combined four loci in division 5D/6 to loci D27 and D31. The test was performed using Markov chain lengths of 100,000 and six runs of the test were performed to assure convergence. Both the corrected and the uncorrected data sets were used for this analysis.
The number of polymorphic sites, divergent sites, and the ratio of polymorphic-to-divergent sites are based on the values provided by DnaSP using the same number of sequences for all loci. These sample sizes were 13, 14, and 3 for M, S, and An. arabiensis populations, respectively, and samples from the same populations were used for all genes in most cases. These numbers were derived from the corrected data set. The ratio of polymorphic-to-divergent sites is not sensitive to which singletons were chosen for replacement, and thus the corrected data set provides a more accurate estimate.
R m , the number of recombination events that can be parsimoniously inferred from our sample, was estimated using the ''four-gamete test'' method described by Hudson and Kaplan (1985) , as implemented in DnaSP. The sequence data presented in this article have been submitted to GenBank under accession nos. EF056793-EF057064.
RESULTS
Recombination rate between M and S strains: A total of 196 females and 157 males from the SMS backcross were genotyped for the rDNA and for microsatellite loci 678 and 680. In the vast majority of the cases, both locus 678 and locus 680 were successfully amplified, but in all cases a genotype was obtained for at least one locus. Additionally, 183 MSM backcross females were genotyped for rDNA type and the two microsatellite loci. In a total of 536 genotyped individuals, not a single recombination event was observed, either between the rDNA and locus 680 or between loci 678 and 680.
Although these data cannot provide an estimate of the recombination rate, it is possible to calculate the minimum recombination fraction (c) that is consistent with zero observed recombination events. In other words, what is the recombination rate at which there is a 5% change of observing zero recombination events in 536 samples? This probability can be calculated using the binomial probability function and equals 0.00560. This represents the maximum ''expected'' recombination fraction consistent with our results. Because of the possibility of double crossovers, the recombination fraction, which measures the fraction of observed recombinant genotypes, is not identical to the genetic or map distance m, which measures the number of crossing-over events. However, a correction is not necessary if the recombination fraction c is very low, that is, when c m. Therefore, the map distance between the rDNA and loci 678 and 680 is at most 0.560 cM.
The rDNA locus in An. gambiae is located in the heterochromatin close to the centromere of the X chromosome (Collins et al. 1989 ). This heterochromatin is not included in the An. gambiae genome sequence, and therefore the number of base pairs separating the rDNA locus from loci 678 and 680 is not known. However, the portion of euchromatin between locus 678 and the rDNA locus spans 2.97 Mb (Holt et al. 2002) . Therefore, the recombination rate in this region is at most (0.560 cM/2.97 Mb) ¼ 0.189 cM/Mb.
To compare the recombination rate of this region to that of the remainder of the X chromosome, genotypes at locus 77 were obtained for 189 MSM backcross females. This locus is located at the opposite end of the X chromosome, separated from locus 678 by 17.5 Mb (Figure 2) . Of 189 individuals, 74 carried a recombinant genotype. Therefore, c ¼ 74/189 ¼ 0.392. Two map functions are used frequently to transform the observed fraction of recombinants to the map distance. Kosambi's map function (Kosambi 1944 ) allows for a modest amount of interference, whereas Haldane's map function does not (Haldane 1919) . Therefore, Kosambi's map function results in a smaller genetic distance than Haldane's map function and its use is more conservative for our purpose. Using Kosambi's function, the map distance between locus 77 and 678 is 52.8 cM. This translates to an average recombination rate of 3.02 cM/Mb. Therefore, we estimate that the recombination rate in division 6 of the X chromosome is reduced at least 16-fold compared to the average recombination rate over most of the remainder of the X chromosome.
Genetic variation in intron sequences: The inferred genealogies of the genes from division 5D/6 provide largely similar pictures (Figure 3, A-D) . The S molecular form is clearly differentiated from the M molecular form, although three of the four genes share alleles between forms. However, this shared allele is always the most common, presumably ancestral allele. In D61 (Figure 3B ), the M and S molecular forms are separated by one substitution, which may represent a fixed difference between the M and S forms. In all four genes, variation within forms is shared over a large geographic area and the most common allele is always present in Cameroon, Bioko, and Mali. Following the 95% parsimony criterion, the arabiensis alleles could be connected only to the main network for locus D61 ( Figure 3B ). These alleles connect to an S-form allele that is intermediate between the most common M-and S-form alleles. Therefore, the position of these alleles is not very informative regarding the possible ancestry of either form.
Pairwise F ST values between the M and S molecular forms in three localities, i.e., Bioko, Tiko, and Selenkenyi were calculated if at least four sequences were available for both forms (Table 2) . Results for the corrected and uncorrected data sets were highly similar and only the results based on the uncorrected data set are presented. Despite the very small sample size per population, seven of eight comparisons showed significant differentiation between forms in the genes located in division 5D/6. In contrast, no significant genetic differentiation was detected between the M and S forms in any of the three populations for genes D31 and D27. Within forms, pairwise F ST values were also calculated between these three populations (i.e., a total of 36 comparisons), but no significant genetic differentiation within forms was detected. Therefore, all samples from each form were subsequently pooled. Using this complete data set, genetic differentiation was highly significant between the M and S forms in all division 5D/6 genes, ranging from 0.135 to 0.515, whereas no differentiation between forms was detected in D31 and D27.
The Bamako chromosomal form, which is contained within the S molecular form, has an unclear status with respect to other S-form populations (Slotman et al. 2006) . We included several Bamako specimens in our study to examine their position within a genealogical network including S and M specimens from several different populations. The Bamako specimens cluster together within the S molecular form samples in all but one case. In locus D59, one of the Bamako alleles clustered with other S-form alleles. Therefore, we found no evidence that the Bamako chromosomal form is differentiated from other S forms in division 5D/6, although we did not examine this issue rigorously. The status of the Forest chromosomal forms with respect to the other chromosomal forms is also not clear. The M and S specimens of the Forest chromosomal form clustered with their respective molecular form. However, within the M and S forms, Forest specimens did not cluster (Figure 3, B and D) , suggesting a lack of differentiation between Forest M and S and other M or S molecular form specimens in division 5D/6.
One feature of the inferred genealogies of all four loci, although locus D59 in the S form is an exception (Figure 3D ), is the presence of one allele at high frequency, surrounded by alleles at low frequency that differ from the most common allele by one or few substitutions. This pattern could be indicative of a very strong bottleneck or a selective sweep in which one allele was driven to fixation, followed by the accumulation of several new variants (Aguadé et al. 1989) . The pattern of variation in genes D27 and D31 in division 2 and 3, respectively, is very different from that in division 5D/6 genes. No alleles were found at high frequency in either D31 or D27. It should be pointed out that the following number of singletons are expected to be due to PCR error: (D64) M form 6.5; S form 5.4; (D61) M form 12.2; S form 10.9; (D52) M form 10.7; S form 6.5; (D59) M form 8.7; S form 8.0; (D31) M form 5.14; S form 5.53; (D27) M form 6.1; and S form 4.9. Given the pattern of genetic variation observed within division 5D/6 genes, the frequency of the most common allele was therefore underestimated. Inclusion of PCR error is not expected to have greatly influenced the pattern of the networks of genes D31 and D27. No high-frequency alleles were found for these two genes and most alleles are separated by several substitutions. As expected from the lack of differentiation evident from the F ST values (Table 2) , no clustering of alleles by form was observed. In the case of D31, six An. gambiae alleles were too diverged for connection to the network following the 95% parsimony criterion. As with the four division 5D/6 genes, little or no clustering by geography was present, indicating that much of the genetic variation is shared across the sampled geographical area. Although the TCS analysis designated an ancestral allele, this designation should be considered very tentative.
The average number of nucleotide differences per site, p, is markedly different between the four genes located in division 5D/6 and genes D31 and D27 (Table  3) . In both molecular forms, the level of genetic variation was higher in D31 and D27. In the M form, p was between 5.1 and 8.5 times higher in gene D31 and between 2.4 and 4.0 times higher in gene D27 vs. genes D64, D61, D52, and D59. In the S form, p was between 3.7 and 16.1 and between 1.5 and 7.1 times higher in genes D31 and D27, respectively. Combining the data for the M and S forms does not substantially change this picture. Additionally, coalescent simulations showed that of 16 pairwise comparisons of division 5D/6 loci vs. D27 and D31, the observed value of p in division 5D/6 loci was significantly less than those expected for D27 and D31 on the basis of u in 15 cases. In 10 of these comparisons, the P-value was ,0.001. The nucleotide diversity can be corrected for the expected amount of PCR error by deducting twice the estimated PCR error rate, i.e., 0.00186. As the PCR error is expected to affect all genes equally, it does not substantially affect the comparison above. Since the PCR error is proportionally bigger in genes with low variation, inclusion of PCR error will increase the relative difference of nucleotide diversity between division 5D/6 genes and genes D27 and D31.
Using the sequences from An. arabiensis, our data were also examined for signs of selection using the HKA test (Hudson et al. 1987 ). This test is based on the assumption that both the level of polymorphism within a species and the level of divergence between species are proportional to the neutral mutation rate (Kimura 1968 (Kimura , 1969 . That is, the ratio of the level of polymorphism to divergence is expected to be similar for different loci under the neutral model. However, the HKA test was not significant, whether the corrected or uncorrected data set was used. A comparison of the number of divergent sites between the division 5D/6 loci and genes D31 and D27 (Table 4) suggests that the neutral mutation rate is lower for most division 5D/6 loci. However, Table 4 also indicates that the ratio of polymorphic-to-divergent sites was markedly lower for division 5D/6 than for genes D31 and D27 in seven of eight cases, suggesting that a lower neutral mutation rate does not suffice to explain the low level of polymorphism in division 5D/6. Differentiation between the M and S molecular forms of An. gambiae Recombination in sequence data: Recombination events in sequence data are sometimes apparent through the presence of reticulations in networks, although these can also be caused by homoplasy, or the presence of three or more states at a single nucleotide position. A reticulation between three alleles is present in the network for locus D61 (see Figure 3B) . A visual inspection of the D61 sequence alignment showed that the reticulation is caused by the presence of three character states at a single position and is therefore not evidence of recombination in this gene.
In all division 5D/6 genes, the minimum number of recombination events in our data set (R m ) was 0 for both the M and S forms, although in D69 minimum R m was 1 when the data for the M and S populations were combined. For D27, minimum R m was 1 and 2 for the M and S forms, respectively, and for D31, minimum R m was 1 and 5 for the M and S forms, respectively. This confirms that recombination rates in division 6 are lower than in D27 and D31. DISCUSSION We have shown that recombination rates among loci of division 5D/6 of the An. gambiae genome are at least 16-fold lower than the average recombination rate over much of the remainder of the X chromosome. The estimate of the recombination rate in division 5D/6 is the highest that is consistent with zero observed recombinants; therefore the actual recombination rate in this region could be lower. Zheng et al. (1996) estimated the map distance between markers 678 and 77 to be 44 cM, which corresponds to 2.5 cM/Mb. Although they do not provide an estimate of the recombination rate between the rDNA and other markers, these authors did observe some recombination events between markers 412 and 678, both located in division 5D/6. However, the position of the markers 412 and 678 on their genetic map is reversed with respect to their physical position on the chromosome. These authors do not provide the genetic distance between markers 678 and 412 exactly, but it is 0.8 cM. These markers are 2.83 Mb apart, resulting in a recombination rate of 0.28 cM/Mb. Zheng et al. (1996) therefore also provided evidence for a relatively low recombination rate in division 5D/6. Areas with reduced recombination typically exhibit low levels of DNA polymorphism (Aguadé et al. 1989; Begun and Aquadro 1991; Berry et al. 1991; Moriyama and Powell 1996) . It is thought that this is because the increased linkage between loci in such areas can extend the effect of various types of selection on adjacent regions (Berry et al. 1991; Charlesworth et al. 1993; Gillespie 1994 Gillespie , 1997 Barton 1998; Comeró n et al. 1999) .
We also examined sequence variation in four introns in the division 5D/6 to investigate if the low recombination rate has left a footprint in the pattern of genetic variation in division 5D/6. In all four loci in division 5D/6, genetic variation was significantly less than in D31 and D27. This observation is consistent with the presence of increased linkage across division 5D/6. However, lower levels of variation could also be caused by a lower neutral mutation rate. It has been shown in several cases that a low recombination rate may reduce the neutral mutation rate (Perry and Ashworth 1999; Lercher and Hurst 2002) . Pairwise HKA tests, which make use of the fact that both the level of DNA polymorphism within populations and the level of divergence between species are correlated to the neutral mutation rate, did not indicate significant differences between division 5D/6 and genes D31 and D27. However, the ratio of segregating to diverging sites was lower in the division 5D/6 genes in seven of eight cases, indicating that the division 5D/6 loci have relatively low levels of DNA polymorphism in An. gambiae. Therefore, although it appears that the genes in division 5D/6 may experience a lower neutral mutation rate, our data also suggest that positive selection may have played a role in reducing variation in this region. This would be consistent with a recent study by Stump et al. (2005b) who used the HKA test to show that the level of polymorphism in a sample of genes from divisions 5 and 6 is reduced relative to other regions of the X chromosome in An. gambiae.
Additionally, the network analyses of all four division 5D/6 introns in the M form and two of the four division 5D/6 introns in the S form indicate the presence of a single high-frequency allele with several low-frequency variants clustered around it. This is the pattern expected after a very strong bottleneck or selective sweep, when a single allele has become (almost) fixed followed by the accumulation of some new variants. This is true regardless of whether PCR error was incorporated, as in this case this would have led to an underestimation of the frequency of the most common allele. Whereas the effect of a selective sweep is local, a bottleneck would affect the level of genetic variation across the genome. Although the above pattern of variation could also fit a neutral model, both genes D31 and D27 showed a strikingly different pattern of variation. No high-frequency alleles were found for these genes, i.e., most alleles were sampled only once, and the alleles did not cluster around a single variant, suggesting that selective sweeps may have occurred in division 5D/6. Several studies have presented evidence that An. gambiae s.s. has undergone a range expansion recently (Donelly et al. 2001; Lehmann et al. 2003) . Coluzzi (1982) suggested that the expansion of this highly antropophilic species could have been linked to the expansion of human populations in sub-Saharan Africa during the agrarian revolution 10,000-4000 years ago, although this area has also been subject to large periodic droughts (Reader 1997) . The fact that genetic variation in our samples was shared across a large geographic area is consistent with a recent population expansion of An. gambiae. Regardless of whether a recent range expansion took place, however, the difference in the pattern of genetic variation between division 5D/6 genes and D31 and D27 indicates that the lack of genetic variation and the presence of a single highfrequency allele in all but one case in division 5D/6 loci is not likely the result of the demographic history of An. gambiae.
That low recombination rates might facilitate speciation was realized some time ago (Felsenstein 1981) , and more specifically it has been argued that the low recombination rates associated with inversions facilitates speciation (Coluzzi 1982; Noor et al. 2001b; Rieseberg 2001; Navarro and Barton 2003; Butlin 2005) . In its most recent form, a low recombination rate is hypothesized to facilitate the accumulation of reproductive isolation genes between sympatric populations undergoing extensive gene flow (Noor et al. 2001b; Rieseberg 2001; Navarro and Barton 2003; Butlin 2005) . Although formulated for inversions, this hypothesis could also apply to other regions of the genome that experience low recombination rates.
The strongest evidence for the importance of inversions, i.e., a low recombination rate, in speciation comes from a Drosophila literature survey compiled by Noor et al. (2001b) . Most Drosophila species separated by fixed inversions are sympatric, whereas virtually all species that are not separated by inversions are allopatric. Noor et al. (2001a) and Rieseberg et al. (1999) observed that inversions that are fixed between closely related species often preferentially contain isolation genes. Additionally, Brown et al. (2004) showed that sterility of hybrids between the sympatric species D. pseudoobscura pseudoobscura and D. persimilis was almost exclusively associated with inversions, whereas sterility of hybrids between the allopatric D. pseudoobscura bogotana and D. persimilis was not.
Previous studies have shown that the molecular forms M and S are highly differentiated in division 5D/6 close to the centromere (Favia et al. 1997; Wang et al 2001; Lehmann et al. 2003; Barnes et al. 2005; Stump et al. 2005a; Turner et al. 2005) . Our results confirm that highly significant differentiation between the M and S forms is present over a wide area in West and Central Africa in at least an 3-Mb region adjacent to the centromere on the X chromosome and that gene flow between the forms in this region is therefore severely restricted. In contrast, no differentiation between the M and the S form was present at loci D31 and D27.
On the basis of these studies, and in particular the study by Turner et al. (2005) who performed a wholegenome scan for fixed differences between molecular forms M and S, it is expected that division 5D/6 contains genes involved in reproductive isolation between the M and S molecular forms. Stump et al. (2005b) , on the basis of reduced levels of nucleotide polymorphism and evidence of positive selection on genes in division 5/6, also proposed that a reduced recombination rate in the centromere region has played a role in the isolation of the M and S forms of An. gambiae. Our data, showing that the recombination rate in division 5D/6 is in fact much reduced, as well as a similar reduction in genetic variation in this region, provide additional evidence for the role of recombination in speciation in An. gambiae. This provides us with a framework for understanding the genetic differentiation and reproductive isolation between two sympatric forms of the most important malaria vector worldwide.
On the basis of the An. gambiae genome sequence, 75 genes, which are expected to include genes responsible for isolation between the M and S forms, are located between gene D59 and the centromere. This number may actually be larger since Stump et al. (2005a,b) found evidence of differentiation between the M and S forms extending to division 5B. If this is accurate, the number of candidate genes is at least 200. It should be pointed out that the number of genes in the area that is differentiated is important not only because these genes are candidate speciation genes, but also because a role of low recombination rates in facilitating speciation is more plausible if more genes are linked. This is because the probability of linkage between loci that prevent gene flow between populations obviously increases with the number of linked genes. In fact, the typically lower number of genes in centromere regions has been used to argue against these regions as potential sites for the accumulation of isolation genes (Navarro and Barton 2003) . However, it is not known how many linked genes are required for the scenarios discussed here to be plausible.
Regions of low recombination differentiate more rapidly between recently isolated populations than other regions (Stephan and Mitchell 1992; Begun and Aquadro 1993) . Presumably, this is because selective sweeps tend to fix different alleles in different populations. Therefore, the question arises whether the differentiation between the M and S forms in division 5D/6 could be the direct result of low recombination rates, rather than of the presence of isolation genes. However, we think this is extremely unlikely. Such a scenario would require the almost complete absence of gene flow between forms and the available evidence consistently indicates hybridization between the M and S forms Tripet et al. 2001; della Torre et al. 2005) .
